Levels of the steroid hormone testosterone have been found to impact diverse features of cognition from spatial memory to decision-making regarding risk, both in humans and other animals. However less is known about whether closely-related species differ in their testosterone-cognition relationships in line with pressures shaping each species' cognitive evolution. We therefore examined relationships between testosterone and cognition in two-closely related species that differ markedly in their social behaviour, cognition, and patterns of testosterone production: bonobos (Pan paniscus) and chimpanzees (Pan troglodytes). We presented individuals of both species with a battery of 16 cognitive tasks and determined whether performance on these tasks correlated with average testosterone level. We found that among male chimpanzees, high levels of testosterone correlated with higher performance in numerous tasks, including tasks assessing spatial cognition and physical cognitive abilities more broadly. Meanwhile, in male bonobos we found no correlations between testosterone and performance on the cognitive tasks, and found no correlations in females of either species. Building on prior comparative research, these results suggest that bonobos and chimpanzees differ critically in the proximate mechanisms influencing their cognitive capacities, and that in particular the role of testosterone in shaping behaviour and cognition differs dramatically between the two species.
Introduction
Understanding the proximate mechanisms that influence social behaviour and cognition can give us a deeper understanding of these traits. Steroid hormones in particular have been found to have diverse effects on behaviour and cognition, aside from their roles in facilitating reproductive and metabolic functions (Nelson, 2000; Luine, 2008; Eisenegger et al., 2011) . Levels of testosterone, for example, have been found to correlate with decision-making in situations involving risk and cooperation (Burnham, 2007; Apicella et al., 2008; Stanton et al., 2011) , abilities to discriminate emotion in faces (van Honk et al., 1999; Wirth & Schultheiss, 2007; Derntl et al., 2009) , and capacities pertaining to mental rotation (Hooven et al., 2004; Alexander & Son, 2007) . Meanwhile, administration of testosterone in men has been demonstrated to directly affect decision-making in cooperative interactions (Zak et al., 2009) , avoid/approach responses to emotional face stimuli (Volman et al., 2011) , and success in spatial memory and navigation tasks (Janowsky et al., 1994; Cherrier et al., 2001) . Though research targeting the mechanisms underlying these hormone-cognition relationships is ongoing, potential means by which testosterone might influence behaviour include its effects on the amgydala and orbitofrontal cortex, specifically in reducing the links between these two areas (Mehta & Beer, 2010; van Wingen et al., 2010; Eisenegger et al., 2011) .
Many of the relationships found between testosterone and cognition in humans appear to have deep roots within our evolutionary history. Relationships between testosterone and spatial cognition have been well-documented within rodents, with testosterone enhancing performance in various types of maze tasks and even aiding in spatial memory over a temporal delay (reviewed in Leonard & Winsauer, 2011) , and more recent work suggests that testosterone mediates approach/avoidance responses to socio-emotional stimuli in male rhesus macaques, particularly in the area of increased vigilance and alertness in interaction with novel objects and response to social playbacks (Lacreuse et al., 2010 (Lacreuse et al., , 2012 . In addition, the role of testosterone in aggressive behaviour has been extensively catalogued across numerous animal taxa (Wingfield et al., 1990; Archer, 2006) . Testosterone has been found to increase in the presence of reproductively active females, and facil-itates behaviours related to male dominance hierarchies such as displays and agonistic interactions (Muller & Wrangham, 2004; Bartos et al., 2010) . Indeed, several studies have revealed that individual and species differences in aggressive behaviour may be critically mediated by the influence of testosterone on patterns of decision-making during competitive interactions (Fuxjager & Marler, 2010; Wobber et al., 2010) .
Despite the broad research on the relationship between testosterone and cognition across taxa, few studies have directly examined whether testosterone-cognition relationships vary among closely related species in line with differing ecological pressures that those species face. Here, we propose that bonobos (Pan paniscus) and chimpanzees (Pan troglodytes) provide an ideal comparison to suit this purpose. These two species, while closely related (Won & Hey, 2005) , differ markedly in aspects of their social behaviour, cognition, and the functionality of testosterone across development and in facilitating mating effort (Muller & Wrangham, 2004; Herrmann et al., 2010; Wobber et al., 2010 Wobber et al., , 2013 Hare et al., 2012; Surbeck et al., 2012) . Bonobos show more fluid dominance hierarchies, greater aversion to risk in decision-making, and differ in their development of spatial memory capacities (Heilbronner et al., 2008; Rosati & Hare, submitted) , indicating species differences in numerous areas where testosterone has a known influence, as discussed above. These differences between bonobos and chimpanzees have been proposed to derive from fundamental shifts in feeding and social ecology between these two species, in particular with the more predictable feeding environment in the Democratic Republic of Congo facilitating heightened associations between females and corresponding reductions in male aggressive tendencies in bonobos relative to chimpanzees (Wrangham & Pilbeam, 2001; Hare et al., 2012) . We therefore hypothesized that bonobos and chimpanzees might differ significantly in their relationship between testosterone and cognition.
In this paper we discuss the results of a study examining the relationship between levels of testosterone and performance on a diverse array of cognitive tasks (the Primate Cognition Test Battery (PCTB); Herrmann et al., 2007) in bonobos and chimpanzees. We examine these relationships separately within chimpanzees and bonobos, determining the degree to which testosterone correlates with cognitive performance within each sex in each species.
Methods

Subjects
We collected saliva samples from 27 chimpanzees (13 males and 14 females; 3 to 18 years of age) and 30 bonobos (19 males and 11 females; aged 5 to 22 years) who participated in the battery of cognitive tests described below and elsewhere (Herrmann et al., 2010) . The chimpanzees lived at the Tchimpounga Chimpanzee Sanctuary, Republic of Congo and the bonobos at Lola ya Bonobo sanctuary, Democratic Republic of Congo. All apes came to the sanctuaries as orphans as a result of the illegal bushmeat trade and were raised together with peers, living in social groups that have access to large forest enclosures (see Wobber & Hare (2011) for site description), except for one ape in the sample who was born on-site and mother-reared. The behavioural data discussed here have been published previously in Herrmann et al. (2010) . (Herrmann et al., 2007) Subjects were tested on the PCTB that comprised 16 physical and social cognitive different tasks (see Table 1 , see original study (Herrmann et al., 2007 (Herrmann et al., , 2010 ). The physical cognitive tasks consisted of problems concerning space, quantities and causality. The space scale comprised tasks in which the ape had to show an understanding of spatial relations by locating a reward (spatial memory), tracking a reward after invisible displacement (object permanence), tracking a reward after a rotation manipulation (rotation) or tracking a reward after visible changes in location (transposition). The quantities scale was divided into problems in which the ape had to discriminate between two quantities (relative numbers) or had to discriminate between quantities added to other quantities (addition numbers). The causality scale included tasks in which the ape had to show causal understanding either of noise produced by a hidden reward (noise), or a change in appearance produced by a hidden reward (shape). In addition, apes were presented with a task where they needed to use a stick in order to retrieve a reward which was out of reach (tool use), and a task where they needed to discriminate between a functional and a non-functional tool (tool properties). The social cognitive tasks consisted of problems concerning social learning, communication and 'theory of mind'. The social learning scale comprised a task in which subjects were required to imitate another's solution to a problem (in three separate tasks of this type). The communication scale comprised one task in which the ape had to understand communicative cues indicating a reward's hidden location (comprehension) and two tasks in which subjects had to produce communicative gestures in order to retrieve a hidden reward (pointing cups and attentional state). The theory of mind scale was divided into a task in which the ape had to follow an experimenter's gaze to a target (gaze following) and a second task in which the subject had to infer the location of a hidden reward based on the intention-guided actions of an experimenter (intentions). Given the known relationship between testosterone and spatial memory, we will outline the rotation task in more detail since this in fact represented a critical test for whether testosterone correlated with cognitive ability in either species. In the rotation task, apes were presented with an array of three cups sitting on a plastic platform, with a food reward hidden under one of these three cups in full view of the subject. After the food reward was hidden, the platform was rotated either 180 or 360 degrees (depending on the trial) in view of the subject. The platform was then pushed towards the subject so that he or she could identify the location of the hidden reward. If the subject did so successfully, he was rewarded; if not, he was shown the location of the food reward but not given the item. Subjects received 9 trials of this task, 3 trials with a reward hidden under the middle cup and 180 degree rotations, 3 trials with a reward hidden under either the left or the right cup and 360 degree rotations and 3 trials with a reward hidden under the either the left or right cup and 180 degree rotations, with the trials presented in a consistent order across all subjects.
Procedure
Cognitive measures: Primate Cognition Test Battery
Hormonal measures
To determine baseline testosterone levels of individuals participating in PCTB, we collected saliva samples from these individuals using methods outlined previously (Wobber et al., 2010 (Wobber et al., , 2013 ) (range 1-22 samples per individual, mean 8.6 samples). Samples for an individual baseline were all collected within a 2-month period. This two-month period fell within 1 year of when subjects participated in the PCTB. Samples were collected between 8:00 AM and 5:00 PM, with the time of day (morning versus afternoon) counterbalanced within-individual to prevent circadian rhythms from biasing the average testosterone values. Our sampling regime also avoided the early morning peak in testosterone levels upon waking seen in chimpanzees and other animals (Muller & Lipson, 2003) .
Saliva samples were collected according to procedures described elsewhere using cotton rounds and Sweet Tarts as stimulants (Wobber et al., 2010 (Wobber et al., , 2013 . Fifty microliters of 0.1% sodium azide solution was added to samples immediately after collection to prevent contamination and to allow samples to be kept at room temperature until they were returned to the laboratory (Lipson & Ellison, 1989) . The saliva samples were analysed in the Reproductive Ecology Laboratory at Harvard University. Salivary testosterone measurements were made using an 125 I-based radioimmunoassay kit (No. 4100, Diagnostic Systems Laboratories, Webster, TX, USA) with the following modifications: standards were prepared in assay buffer and run at six concentrations from 2 to 375 pg/ml. Samples were added in 100 μl amounts together with 300 μl of assay buffer. First antibody (20 μl) and labelled steroid (50 μl) were added to each tube to yield a total reaction volume of 470 μl per tube. After overnight incubation at 4°C, 500 μl of second antibody was added to each reaction tube. Reaction tubes were subsequently centrifuged for 45 min; after aspiration of the supernatant, tubes were counted in a gamma counter for 2 min. In pilot assays, the ape testosterone values using the standard aliquot for human assays (200 μl) were too high to be readable in the assay range. Thus, we used only 100 μl of the chimpanzee and bonobo saliva for the T assays, with the same standard curve as employed in the human testosterone radioimmunoassay protocol. Validation of this sample collection and analysis procedure is discussed in Wobber et al. (2013) .
Analyses
We first computed an average testosterone value for each individual. Then, we log-transformed these average testosterone values to normalize our data and enable the use of parametric statistics. Below, we first provide descriptive statistics on the testosterone values, to confirm that there was comparable variance in between sexes in each species within this subsample taken from a larger project examining testosterone production throughout development in bonobos and chimpanzees (Wobber et al., 2013) . Similarly, we discuss overall variance in the cognitive measures. Second, we discuss the results of Pearson correlations measuring the relationship between an individual's average testosterone level and his or her performance on (1) each broad division of the test battery (physical versus social) and (2) each of the six cognitive scales described above: space, quantities, tools and causality, social learning, communication, and 'theory of mind'. For the scales where we found a significant relationship between testosterone and performance, we analysed task-by-task correlations with testosterone to determine which tasks might best predict the overall relationship. Finally, we performed partial correlations to ensure that age did not mediate any relationships between testosterone and cognitive performance, given that our previous findings have established that testosterone and cognitive task performance increase more markedly with age in chimpanzees than in bonobos (Wobber et al., 2013, unpublished data) . Given the known sex differences in testosterone levels in mammals, we performed these analyses separately for males and females within each species.
Results
Descriptive statistics showed that variability in testosterone levels was comparable between males of the two species, as was variation in performance across the two main cognitive divisions (Table 2 ). Variance in testosterone levels was higher among female chimpanzees due to one female with extremely high testosterone levels. Finally, variance in performance on the cognitive tasks was comparable between the two species, with the only difference that female bonobos showed slightly more variance in cognitive performance than female chimpanzees (meaning that if anything, we would be more likely to find a relationship between testosterone and cognitive performance in female bonobos given their greater variance on these measures) ( Table 2 ). Average testosterone levels in each species and sex were as follows: male chimpanzees 0.27 ng/ml, male bonobos 0.22 ng/ml, female chimpanzees 0.18 ng/ml, female bonobos 0.17 ng/ml. Note that we performed statistical analyses with log-transformed testosterone values, with the rationale discussed in our 'Analyses' section above.
Examining the results of Pearson correlations between log average testosterone and performance on the cognitive measures, within male chimpanzees we found several significant relationships between log average testosterone values and performance on the cognitive tasks. Males with higher testosterone on average performed more skilfully in the physical cognition division of tasks (r = 0.795, p = 0.001, N = 13), though they did not perform more skilfully within the social cognition division (Figure 1, Table 3 ). Looking at the cognitive scale level, male chimpanzees with higher testosterone levels performed more skilfully in space (r = 0.620, p = 0.024, N = 13) as well as causality (r = 0.588, p = 0.035, N = 13). Within these two scales, taskby-task analysis only revealed one task-level correlation between performance and testosterone level, with higher levels of testosterone correlating with more skilful performance on the rotation task (r = 0.601, p = 0.030, N = 13). Meanwhile, there was also one scale where higher levels of testosterone were correlated with poorer performance in male chimpanzees: the theory of mind scale (r = −0.598, p = 0.031, N = 13), and within that scale on the gaze-following task (r = −0.596, p = 0.030, N = 13) ( Table 3) . We next examined the potential co-variation of age with these relationships between testosterone and performance in male chimpanzees. We performed partial correlations between log average testosterone and performance on the scales/tasks where there was a significant relationship in the Pearson correlations and controlled for the effect of age as a covariate. In these partial correlations, only the positive relationships between testosterone and physical cognition (partial correlation with age, r = 0.696, p = 0.012, df = 10) and between testosterone and the rotation task (partial correlation with age, r = 0.616, p = 0.033, df = 10) remained significant. These correlations indicate that testosterone had an independent effect on physical cognition and rotation in particular, even when taking into account any effect that learning or heightened experience in interacting with the world might have conferred in terms of advantages on these tests for older individuals. Regression of average log testosterone levels and average performance across 10 physical cognition tasks in (A) chimpanzee males and (B) bonobo males. Each point represents one individual (either a chimpanzee, as depicted by the black diamond, or a bonobo, as depicted by the grey squares), and that individual's average testosterone level (log-transformed) as well as their average proportion correct across the physical cognition tasks. Regression lines denoting for the relationship between testosterone and proportion correct within the physical cognition division are shown for each species.
Turning to male bonobos, we found no significant relationships between log average testosterone and performance on any divisions or scales of the cognitive test battery, despite our larger sample of male bonobos (N = 19) relative to male chimpanzees (N = 13). Similarly, no significant relationships emerged even when controlling for the effect of age with partial correlations. These findings suggest a stronger role of testosterone in association with performance on cognitive tasks in chimpanzees relative to bonobos, despite there being similar levels of variance in task performance and testosterone level in males within our sample (Table 2) .
Among females, there was only one significant relationship between testosterone and performance in either species. Female chimpanzees showed Table 3 . Relationship between testosterone and cognitive performance in male chimpanzees (N = 13), male bonobos (N = 19), female chimpanzees (N = 14) and female bonobos (N = 11). (Table 3) , which was likely influenced by a strong relationship between testosterone and performance on the attentional state task (r = 0.665, p = 0.009, N = 14). These relationships remained significant even after controlling for age (partial correlations, communication scale: r = 0.569, p = 0.042, df = 11, attentional state task: r = 0.755, p = 0.003, df = 11). Meanwhile, there were no significant relationships between testosterone and performance on any division or scale of the test battery in female bonobos, even after partialling out the effects of age -though this was the group in our analysis with the smallest sample size.
Males
Discussion
Our results reveal significant differences between bonobos and chimpanzees in the relationship between testosterone and performance on cognitive tasks, particularly among males. Among chimpanzee males, higher levels of testosterone correlated with higher levels of performance in the physical cognition division on the whole, as well as with the space and causality scales. In addition, among male chimpanzees, higher levels of testosterone correlated with lower levels of theory of mind performance. Meanwhile among bonobo males there were no relationships between testosterone and performance on the cognitive tasks, despite having a larger sample size of male bonobos relative to male chimpanzees and the two groups showing comparable levels of variance in these measures. Finally, among female chimpanzees there was a positive relationship between testosterone level and performance on the communication scale, largely driven by higher levels of testosterone correlating with more skilful performance in the attentional state task. Among female bonobos there were no significant relationships between testosterone and cognitive performance. These findings indicate that in a number of areas where testosterone has been implicated in human and rodent cognition including spatial cognition (Williams & Meck, 1991; Silverman et al., 1999; Hooven et al., 2004; Leonard & Winsauer, 2011) , chimpanzees also show a significant role of testosterone level in accounting for individual variance. This relationship was particularly apparent in the rotation task, where individuals needed to track a reward after the reward locations were rotated geometrically. Females of both species showed fewer significant relationships between testosterone and performance -the association between testosterone and behaviour/cognition has been less studied in females than in males, with greater inconclusiveness of findings (Bateup et al., 2002) , though see Beehner et al. (2005) , prompting further inquiry in this area.
Importantly, male chimpanzees and bonobos differed in their relationship between testosterone and performance on the cognitive tasks administered here. These results align with the finding that testosterone plays a significant role in numerous aspects of chimpanzee social life -with males differing in baseline testosterone level in correlation with dominance rank (Muehlenbein et al., 2004; Muller & Wrangham, 2004) , showing changes in testosterone levels when females are most fecund (Muller & Wrangham, 2004) , and showing more responsiveness in levels of testosterone surrounding competitive interactions (Wobber et al., 2010; Sobolewski et al., 2012) . In contrast, in bonobos these behaviours have been found to correlate less well with levels of testosterone, with male bonobos showing a weaker association between testosterone and rank (Marshall & Hohmann, 2005; Surbeck et al., 2012 ), little change in testosterone level depending on female fecundity (Surbeck et al., 2012 ), minimal change in testosterone level surrounding varying types of competitive interaction (Wobber et al., 2010) , and even lesser change in testosterone level throughout development relative to chimpanzees (Wobber et al., 2013) . On the whole then, these findings suggest that testosterone may play a greater role in chimpanzee social behaviour and cognition than found among bonobos, suggesting striking differences in the proximate mechanisms underlying behaviour and cognition in these two species. In line with the broader cognitive differences between chimpanzees and bonobos then (Herrmann et al., 2010) , the associations found here between testosterone and cognition in chimpanzees, but not bonobos, suggests one potential mechanism by which the behavioural and cognitive variation between these two ape taxa might be maintained.
Nonetheless, our results have demonstrated a correlative, rather than a causal relationship; hence, it is possible that testosterone's effect on male chimpanzees' performance on specific cognitive tasks is mediated via changes in visual attention or motivation to participate in these tasks. However, if that was the case, it would not explain why testosterone correlated only with specific tasks and scales rather than performance overall. Furthermore, we were also able to rule out age as a potential covariate driving the relationships between testosterone and at least some of the cognitive scales in male chimpanzees. It is also possible that greater ability in certain areas, such as tracking potential feeding trees in space, in fact enables males to attain higher rank and therefore to sustain a higher level of testosterone. It is therefore possible that heightened cognitive abilities drive attainment of rank and increases in testosterone levels, rather than testosterone levels facilitating differing cognitive acuity, as we have postulated here. Further inquiry experimentally inducing testosterone increases and measuring their potential effects on cognitive performance in male apes can tease apart elements of causality in the testosterone-cognition relationship.
This study provides greater insight into the role of testosterone of these two closely-related species, but additional research is necessary (1) to clarify the mechanisms by which testosterone might influence cognition, including manipulations of testosterone level to determine whether this might directly impact performance (Zak et al., 2009; Volman et al., 2011) and (2) to identify why relationships between testosterone and cognition might be less significant among bonobos relative to chimpanzees, in line with the differences in social behaviour, cognition and endocrinology between the two species (Her-rmann et al., 2010; Hare et al., 2012; Wobber et al., 2013) . Moreover, work with additional steroid hormones such as oestradiol and androstenedione can clarify the specific mechanisms by which hormone levels mediate individual differences in cognition across species, including humans (Azurmendi et al., 2005; Luine, 2008) .
